In this study, the initial specification of foregut endoderm in the chick embryo was analyzed. A fate map constructed for the area pellucida endoderm at definitive streak-stage showed centrally-located presumptive cells of foregut-derived organs around Hensen's node. Intracoelomic cultivation of the area pellucida endoderm at this stage combined with somatic mesoderm resulted in the differentiation predominantly into intestinal epithelium, suggesting that this endoderm may not yet be regionally specified. In vitro cultivation of this endoderm for 1-1.5 day combined with Hensen's node or its derivatives but not with other embryonic structures/tissues elicited endodermal expression of cSox2 but not of cHoxb9, which is characteristic of specified foregut endoderm. When the anteriormost or posteriormost part of the area pellucida endoderm at this stage, whose fate is extraembryonic, was combined with Hensen's node or its derivatives for 1 day, then enwrapped with somatic mesoderm and cultivated for a long period intracoelomically, differentiation of various foregut organ epithelia was observed. Such epithelia never appeared in the endoderm associated with other embryonic structures/tissues and cultured similarly. Thus, Hensen's node and its derivatives that lie centrally in the presumptive endodermal area of the foregut are likely to play an important role in the initial specification of the foregut. Chordin-expressing COS cells or noggin-producing CHO cells transplanted into the anteriormost area pellucida of the definitve streak-stage embryo could induce endodermal expression of cSox2 but not of cHoxb9, suggesting that chordin and noggin that emanate from Hensen's node and its derivatives, may be involved in this process.
Introduction
The alimentary and respiratory tracts of the vertebrates constitute the organ-systems for nutrition and respiration, which are indispensable for survival and growth of an organism. These are composed of anteroposteriorly-aligned organs/regions specialized for different digestive/absorptive or respiratory functions. The question as to how this anteropos-0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.02.003 terior regional difference is produced during development has been acquiring considerable interest. The understanding of the molecular mechanisms of organ/region-specific differentiation of respective digestive/respiratory organ rudiments has been proceeding considerably in recent years (reviewed by Gannon and Wright, 1999; Wells and Melton, 1999; Beck et al., 2000; Cardoso, 2000; Duncan, 2000 Duncan, , 2003 Grapin-Botton and Melton, 2000; Roberts, 2000; Costa et al., 2001; Edlund, 2002; Kim and MacDonald, 2002; Warga and Stainier, 2002; Zaret, 2002; Kiefer, 2003; Kumar and Melton, 2003; Sancho et al., 2003; Jensen, 2004; Fukuda and Yasugi, 2005; GrapinBotton, 2005; Kume, 2005; Warburton et al., 2005; Yokouchi, 2005) . However, the initial regional specification of the endoderm and mesoderm is likely to start much earlier before the formation of digestive/respiratory organ rudiments. In the early avian endoderm before gut tube formation, regional difference in organ-forming potency (Rawles, 1936; FukudaTaira, 1981; Yasugi et al., 1991; Kim et al., 1997; Hebrok et al., 1998) or specification (Sumiya, 1976; Matsushita et al., 2002) , and in gene expression (Ishii et al., 1997 (Ishii et al., , 1998 Grapin-Botton and Melton, 2000; Matsushita et al., 2002; Zhang et al., 2004 ) is known. Similar regional difference in the pregut endoderm has been reported also in mammals (Wells and Melton, 1999; Grapin-Botton and Melton, 2000; MooreScott et al., 2007) , in amphibians (Okada, 1960; Takata, 1960; Wells and Melton, 1999; Costa et al., 2003) , and in zebrafish (Warga and Stainier, 2002) . The mechanism(s) how early regionalization in the endoderm is achieved remains much less understood.
At present, several signaling systems have been suggested to be involved in this process. Loss of BMP2b signaling in zebrafish was reported to expand the anterior gut endoderm and reduce the posterior gut endoderm, while loss of chordin signaling resulted in the opposite effect (Tiso et al., 2002) . Mouse embryos with inactivation of BMP receptor Ia in the epiblast showed expansion of the anteriormost axial endomesoderm, the prechordal plate, and early definitive endoderm (Davis et al., 2004) . Chordin/noggin double-homozygous mutant mice showed reduced anterior pharynx and agenesis of trachea (Bachiller et al., 2000) . Thus, loss of BMP signaling is likely to be involved in the anterior specification of the early endoderm. On the contrary, posterior endoderm is likely to be specified through FGF signal emitted from the posterior ectomesoderm (Wells and Melton, 2000; Dessimoz et al., 2006) . Wnt signaling is also implicated in anteroposterior patterning of the early endoderm with repression of this signal maintaining foregut identity, while high activity of this signal represses foregut fate and promotes intestinal fate (McLin et al., 2007) .
Though suppression of BMP signaling in the endoderm is likely to be involved in its anteriorization, direct evidence such as induction of foregut specification in the endoderm with non-foregut fate is missing. The embryonic structure responsible for this process is also not yet confirmed. Thus, in the present study, these points were addressed directly using avian embryos. Firstly, the localization of the presumptive cells of foregut-derived organs in the endoderm of the definitive streak-stage avian embryo was confirmed to lie centrally near Hensen's node, and the degree of specification of this endoderm as foregut was found to be negligible. Cultivation of this endoderm in combination with Hensen's node or its derivatives revealed that definitive streak-stage endodermal fragments including those not fated to form foregut can adopt foregut-specific cSox2 expression and differentiate into several anterior digestive organ epithelia, suggesting that factor(s) emanating from Hensen's node or its derivatives may direct the endoderm to become foregut endoderm. Finally, chordin or noggin was shown to be a candidate of such factor(s).
Results

2.1.
Localization of presumptive cells of foregut-derived organs in the endoderm of st. 3d-4 chicken embryo So far, several studies have analyzed the fate of the area pellucida endoderm of the chick embryo at primitive streakstage by marking small group of cells with carbon particles (Bellairs, 1953a) , radioisotope (Rosenquist, 1971) or a vital fluorescent dye (Kimura et al., 2006) . However, two of these works localized the cells whose descendants are found in the developing foregut in the marked embryos cultured in vitro for 24-36 h or until st. 11 and thus could not locate all the presumptive cells of foregut-derived organs, because in the embryos at these stages dorsal endoderm of the foregut-derived organs ranging to dorsal pancreas are likely to be not yet incorporated into the developing foregut (Matsushita, 1996) . Only the work of Rosenquist (1971) could show the location of presumptive cells of foregut-derived organs by cultivating the marked embryos until completion of the digestive tube formation, though in a rather low resolution. Thus, in the present study, a precise and detailed localization map of the presumptive cells of foregut-derived organ as well as midgut/hindgut-derived organs in the area pellucida endoderm at st. 3d-4 was constructed first, which could be done through combination of marking small spots in the endoderm at various positions with a fluorescent dye and comparing the location of descendant labeled cells in the marked embryos after cultivation with the recently-made fate maps of the endoderm of the embryos of similar stages (Matsushita, 1996 (Matsushita, , 1999 . Although mesodermal cells were often marked in addition to the endodermal cells, the fluorescent carbocyanine dyes used in the present experiment was reported not to be transferred from marked cells to other cells (Honig and Hume, 1989) and hence co-labeling of mesodermal cells would not interfere with the analysis of the fate of marked endodermal cells.
The results are summarized in Fig. 1 . The marked endoderm at the anterior end of Hensen's node contributed labeled cells to the ventral midline of the foregut with occasional contribution of some cells to the extraembryonic area anterior to anterior intestinal portal, or to the dorsal midline endoderm occasionally ranging posterior to the anterior intestinal portal (Fig. 1B) . Descendant cells from the marked endoderm on primitive streak posterior to Hensen's node formed a V-or U-shaped band, with the band originating from the more posterior mark taking the more caudal localization and having more widely-opened bilateral wings ( Fig. 1C and D) . The endoderm at the sites anterior to the level Fate map of st. 3d-4 area pellucida endoderm. Each symbol represents the result of a single dye-marking. Each type of symbol corresponds to a different gut domain (see Key) to which the descendants of the marked cells are to contribute, and the combination of different characters indicates the contribution to these different domains. Symbols with asterisks near the midline represent the fates of the marked sites on the midline at the same anteroposterior levels. ec, ectoderm; en, endoderm; fg, foregut; h, heart; lp, lateral plate mesoderm; me, mesoderm; n, neural tube; ps, primitive streak; s, somite. Bars in whole-mount photographs and in section photographs indicate 1 mm and 250 lm, respectively. of Hensen's node produced a belt of descendant cells elongated along the line which ran the ventral floor of the foregut and extended in the extraembryonic endoderm from the anterior intestinal portal towards the area pellucida/area opaca boundary (Fig. 1E) . The endoderm lateral to the primitive streak away from the midpoint between the streak and the lateral edge of the area pellucida was displaced to the area pellucida/area opaca boundary, and was elongated anteroposteriorly along the boundary (Fig. 1F ). These observations generally agree with the previous reports on the movement of the primitive streak-stage endoderm (Bellairs, 1953b; Rosenquist, 1966 Rosenquist, , 1971 Rosenquist, , 1972 Kirby et al., 2003; Lawson and Schoenwolf, 2003; Kimura et al., 2006) .
Through comparison of the location of labeled cells in cultured embryos with the previously-established fate maps of the endoderm of corresponding stages (Matsushita, 1996 (Matsushita, , 1999 , the prospective fate of labeled cells was inferred (presumptive areas of foregut-derived organs comprises the presumptive areas of pharynx, respiratory organs, oesophagus, stomach, duodenum, liver and pancreas, while the pre-midgut organ area comprises the pre-jejunal and pre-ileal area, with the pre-hindgut organ area being composed of pre-cloacal, pre-large intestinal area). As shown in Fig. 1G , rough regional segregation of presumptive cells of foregut, midgut, hindgut organs and extra-embryonic endoderm is seen in the endoderm of st. 3d-4, though with considerable overlapping of respective presumptive domain cells. The presumptive foregut organ cells are found to lie centrally around Hensen's node.
As reported by Rosenquist (1971) , the endoderm cells that could contribute to ventral foregut were found in the area anterior to the level slightly caudal to the Hensen's node but not including the node itself, which was in apparent contradiction to the recent report by Kimura et al. (2006) that the presumptive ventral foregut cells are not yet incorporated into the superficial endoderm layer but still retained in the middle layer at st. 4. This point was further examined by marking only the superficial endoderm cells by placing the CM-DiI-coated bead onto them or by iontophoretic intracellular injection of cell-impermeable dextran conjugated with a fluorescent dye. As shown in Fig. 2 , some superficial endoderm cells in the area around Hensen's node of st. 3d-4 embryos did contribute to the ventral foregut after cultivation. These pre-ventral foregut cells were interspersed among the presumptive endoderm cells of extra-embryonic area, suggesting that at st. 3d-4 the incorporation of pre-ventral foregut cells into the superficial endoderm layer is not yet completed but just in the middle of its process.
2.2.
Differentiation of the endoderm of st. 3d-4 embryos cultivated intracoelomically in combination with somatic mesoderm Endodermal fragments from various anteroposterior levels ( Fig. 3A) of st. 3d-4 chick or quail embryos were cultured intracoelomically for 14-15 days enwrapped with somatic mesoderm of the flank region taken from 3-to 3.5-day-old chick embryos, and the endodermal differentiation was analyzed. As shown in the previous section, different regions of the early endoderm would normally contribute to organs in the following way (Fig. 1G) . The anterior half of the endoderm located anterior to Hensen's node (AA endoderm) is considered to contribute mostly to extra-embryonic endoderm, with occasional minor contribution to the posteriormost part of the foregut (duodenum, and possibly liver) and midgut (jejunum). The posterior half (AP endoderm) contributes to organs of foregut and midgut ranging from pharynx to ileum as well as extra-embryonic endoderm. The anterior and middle one third of the endoderm posterior to Hensen's node (PA and PM endoderms, respectively) are predicted to contribute to foregut, midgut and hindgut (large intestine and cloaca) together with extra-embryonic endoderm, though contribution to foregut by PM endoderm may be small. The posteriormost one third of the posterior endoderm (PP endoderm) contributes to extra-embryonic endoderm.
After cultivation, both chick and quail endoderm showed similar patterns of differentiation, as summarized in Table  1 . Analysis of grafts containing quail tissue confirmed only an occasional minor contamination of quail mesodermal cells, suggesting that the influence of contaminated mesodermal cells is likely to be negligible. Intestine-like columnar epithelium expressing sucrase-antigen predominantly developed from all types of endodermal fragments ( Fig. 3B-I ). Pharynx/oesophagus-like stratified epithelium was rarely found. Mucus-secreting epithelium resembling stomach epithelium without pepsinogen expression occasionally appeared even from endodermal fragments that would not normally adopt a foregut fate. Pancreatic differentiation with insulin expression appeared, though occasionally, only from the endoderm near Hensen's node, in accordance with its fate (Fig. 3E-G ).
2.3.
Expression of the foregut marker cSox2 in st. 3d-4 endoderm recombined with Hensen's node or its derivatives
The localization of pre-foregut endoderm around Hensen's node suggests that the node may exert an important influence on the specification of the foregut endoderm, and this hypothesis was examined. Implantation of Hensen's node tissue to the host chick embryo resulted in the differentiation of node-derived axial/paraxial mesodermal tissues and induction of cSox2 expression in the absence of cHoxb9 in the host endoderm in the anterior area pellucida (data not shown), but not in the posterior part in which the differentiation of the axial/paraxial mesoderm was prohibited probably due to the posterior microenvironment. Thus, to eliminate the effect of local microenvironment of the host, isolated st. 3d-4 endoderm was cultured in vitro in association with Hensen's node and its effect on the specification of the endoderm was examined by subsequent detection of cSox2/cHoxb9. cSox2 is expressed in the foregut endoderm of 1.5-day chick embryos and later in the endoderm of foregut organs ranging from pharynx to gizzard as well as of the posteriormost gut (cloaca) (Ishii et al., 1998; Grapin-Botton and Melton, 2000; Matsushita et al., 2002) , while cHoxb9 appears only in the endoderm of posterior midgut and hindgut ranging from ileum to cloaca but not in the anterior gut (Grapin-Botton and Melton, 2000; Matsushita et al., 2002) . Thus, expression of cSox2 in the absence of cHoxb9 serves as a reliable marker of the foregut endoderm.
The results are summarized in Table 2 . Intact or recombined endodermal fragments cultured in the presence of their own respective ectomesoderm never expressed cSox2 except in the endoderm near Hensen's node (AP + PA), in which epi- thelial cSox2 was found in a few cases (though it was not known whether these cells were endodermal or ectodermal). On the contrary, endoderm from any anteroposterior level cultured in association with Hensen's node developed cSox2-positive, cHoxb9-negative cells efficiently ( Fig. 4B -E and H-K). Prechordal mesoderm or notochord, the derivatives of Hensen's node, were also effective in inducing endodermal cSox2-expression. The rate of induced cSox2-expression was high in the anterior endoderm, while it was the lowest in the posteriormost (PP) endoderm. The specific action of the node or its derivatives on the induction of endodermal cSox2 expression was confirmed by the failure in the induction of The appearance of various differentiated characteristics in the endoderm is presented. EE, extraembryonic endoderm; FG, foregut; MG, midgut; HG, hindgut; epi., epithelium. a This type of epithelium is also found in a small area of the cloaca (Matsushita, 1984; Matsushita et al., 2002) . b Only the posteriormost part of the foregut is occasionally contributed by this endoderm. c Number of grafts showing respective differentiated characteristics/total number of grafts examined.
cSox2-expression in the endodermal fragments cultured in association with posterior streak or other non-node tissues ( Fig. 4F and G, Table 2 ).
2.4. Differentiation of st. 3d-4 endoderm recombined with Hensen's node or other embryonic structures/tissues and cultivated intracoelomically
The experiments above showed that Hensen's node or its derivatives can elicit cSox2-positive and cHoxb9-negative foregut endoderm-like cells in the st. 3d-4 area pellucida endoderm. We therefore examined whether these foregut-like cells can subsequently differentiate into epithelial cells of later foregut organs. Fragments of the anteriormost (AA) and posteriormost (PP) endoderm, which were shown to be fated mostly to extraembryonic endoderm and not specified as the foregut endoderm, were used as the responding endoderm. The results are summarized in Table 3 .
AA endoderm that had been associated with its own ectomesoderm or primitive streak tissues other than Hensen's node, then enwrapped with the somatic mesoderm and cultured intracoelomically, differentiated into intestinelike epithelium expressing sucrase-antigen (Fig. 5A-F) , but rarely into epithelia of organs specific to foregut. In contrast, AA endoderm associated with Hensen's node or its derivatives and cultured similarly often differentiated into pharynx/oesophagus-like, stomach-like or pancreas-like epithelia, which are specific to foregut, in addition to intes- tine-like epithelium (Fig. 5G-R) . Functional differentiation of these foregut organ-like epithelia was apparent since expression of pepsinogen-antigen and insulin was found in stomach-like epithelium and pancreas-like acinus respectively. The appearance of various differentiated characteristics in the endoderm is presented. For abbreviations, see legends of Table 1 . a This type of epithelium is also found in a small area of the cloaca (Matsushita, 1984; Matsushita et al., 2002) . b Intact fragments of AA containing endoderm and ectoderm were used for analysis. c Number of grafts showing respective differentiated characteristics/total number of grafts examined. d Some endodermal cells originating from the donor node tissue were found in 2 cases, whose differentiation was not included in the above result.
Insulin-expressing acinus-like structure was found only when cultured under the influence of the node tissues. PP endoderm associated with Hensen's node or its derivatives was also found to differentiate both morphologically and functionally into epithelia of foregut organs (Fig. 5S-V ), though at a lower frequency. Only a small number of quail mesenchymal cells were occasionally found in the grafts containing quail AA/PP endoderm, suggesting that a trace amount of mesodermal cells may have been contaminated in AA/PP endoderm used in the experiment, but their presence seemed to have nothing to do with the effect of Hensen's node or its derivatives.
Effect of BMP-antagonist chordin or noggin on the endodermal expression of cSox2
The experiments described above showed that Hensen's node or its derivatives are likely to induce regional specification into foregut, suggesting that factor(s) emanating from these structures may be responsible for this ability. Thus, we asked whether chordin and noggin, factors known to be secreted from Hensen's node and its derivatives (Connolly et al., 1997; Streit et al., 1998; Streit and Stern, 1999; Chapman et al., 2002) , can mimic the effect of these structures.
As shown in Fig. 6 , pellets of chordin-expressing COS cells or noggin-producing CHO cells transplanted at the anteriormost part of st. 3d-4 area pellucida induced endodermal cSox2 expression after 24-36 h cultivation (17 out of 19 cases for chordin-cells, or 4 out of 8 cases for noggin-cells, respectively), though only in a small area, while endoderm covering control mock-transfected COS cells or parental CHO cells never expressed cSox2 (0/19 for chordin-cells or 0/10 for noggin-cells, respectively). cSox2-positive endoderm adjacent to chordin-or noggin-cells was confirmed to be cHoxb9-negative (6/6 for chordin-cells and 8/8 for noggin-cells).
Finally, whether abrogation of BMP signaling really occurs in the endoderm covering chordin-or noggin-expressing cells was examined by immunohistochemical detection of phospho-Smad1/5/8, an intracellular mediator of BMP signaling. At later stages of normal development when the foregut is forming BMP signaling operates in its ventral endoderm (Faure et al., 2002) where cSox2 is positive (Ishii et al. 1998) , suggesting that at later stages cessation of BMP signaling may have nothing to do with cSox2 expression. Thus, detection of phospho-Smad1/5/8 was performed on the embryos 8 h after transplantation, when they developed to st. 5-6. As shown in Fig. 7 , phospho-Smad1/5/8-negative endodermal area was found in the endoderm covering chordin-or noggin-cells (5/9 or 4/7, respectively), while it was not found in the endoderm covering the control cells (0/9 for control COS cells and 0/7 for control CHO cells).
Discussion
Localization of presumptive cells of foregut-derived organs in the endoderm of st. 3d-4 chicken embryo
The present study could reveal precisely and in detail the localization in the area pellucida endoderm at st. 3d-4 of all the cells that would ultimately contribute to foregut-derived organs, which matches with the rough localization map of presumptive cells of foregut-derived organs reported by Rosenquist (1971) . It also resembles to the distribution of the cells that contribute to developing foregut reported by Bellairs (1953a) and Kimura et al. (2006) . This is natural because most of the presumptive endodermal cells of the foregut-derived organs would lie in the developing foregut of the embryos analyzed in these studies and only those fated to form dorsal part of the foregut organs would be located outside the developing foregut (Matsushita, 1996) .
Contrary to the report by Kimura et al. (2006) , the present study could reveal that at st. 3d-4 presumptive cells of ventral foregut are already present in the superficial endodermal layer around Hensen's node, which are interspersed among presumptive extraembryonic endoderm cells. A smaller number of samples examined in their work may have hindered detection of pre-ventral foregut cells. Since at st. 3d-4 some pre-foregut (Vakaet, 1970; Veini and Hara, 1975; Psychoyos and Stern, 1996) or pre-ventral foregut (Kimura et al., 2006) endodermal cells are present in the middle layer in and around the anteriormost part of the primitive streak, incorporation of these cells into the superficial endoderm layer is thought to be under way at this stage. Intermingling of preventral foregut cells and pre-extraembryonic cells in the superficial endoderm around Hensen's node is in agreement with the report that during st. 2-4 the central area of the superficial endoderm layer is a mosaic of hypoblastic cells that are to be displaced to the extraembryonic area and definitive endodermal cells that have immigrated into the superficial endoderm layer from the epiblast through middle layer (Azar and Eyal-Giladi, 1983 ). Presence of pre-ventral foregut cells close to Hensen's node suggests that incorporation of these cells into the superficial endoderm layer occurs near Hensen's node at least at st. 3d-4, in addition to the immigration at a position slightly away from Hensen's node or head process as reported by Kimura et al. (2006) .
The present mapping study offered the essential basic data, which enabled the comparison of the intrinsic specification of the st. 3d-4 endoderm with its ultimate fate and the identification of the endoderm not fated to foregut organs for the examination of the effect of Hensen's node tissue.
Specification of the endoderm of st. 3d-4 embryos
In order to investigate the intrinsic specification of endoderm in st. 3d-4 embryos, fragments of endoderm were isolated and cultivated in vitro in combination with somatic mesoderm. The results suggested that the endoderm of foregut is not yet specified at st. 3d-4. Stomach-like mucous epithelial cells often developed especially from the endoderm of anterior parts, but this cannot be regarded as the manifestation of stomach endoderm specification because there was no pepsinogen-expression and the undifferentiated intestinal endoderm has a potency to show stomach-like mucous differentiation (Matsushita, 1995a) . However, a previous study in which the isolated fragments of st. 4 area pellucida endoderm were cultured alone in vitro reported that the endoderm near Hensen's node but not in the posterior part differentiated into histologically-identifiable foregut-organ epithelia such as pharynx/oesophagus or stomach (Sumiya, 1976) . Thus, it is possible that at st. 4 the endoderm around Hensen's node may already be in the process of specification as foregut in accordance with its presumptive fate, the degree of which is probably low. Pancreas-like differentiation with insulin expression from the endoderm around Hensen's node found occasionally in the present study suggests that some endodermal cells may be in the process of pancreatic specification, which may be in line with the above idea. The anteriormost and posteriormost parts of the endoderm, which are fated to anterior and posterior extraembryonic endoderm, respectively, differentiated predominantly into intestine-like epithe-lium. It is possible that this endoderm may also be in the process of specification as extraembryonic endoderm, since the extraembryonic area pellucida endoderm of 1.5-day-old or older embryos also shows a strong tendency of intestine-like differentiation when cultured similarly (Matsushita et al., 2002) or in combination with gut mesoderm (Masui, 1981) .
3.3.
Hensen's node or its derivatives specify the foregut endoderm
The present study first presented evidence that Hensen's node and its derivatives can induce the specification of foregut endoderm in the area pellucida endoderm of st. 3d-4 avian embryos, because endodermal expression of cSox2 but not of cHoxb9, which is characteristic of specified foregut endoderm (Matsushita et al., 2002) , could be induced under the influence of these tissues but not in the presence of other embryonic structures/tissues. Furthermore, when the anteriormost or posteriormost prospective extraembryonic endoderm and Hensen's node/its derivatives were associated and enwrapped with somatic mesoderm and cultivated for a long period, various foregut-derived organ epithelia differentiated, which were never found in associates of the endoderm and other embryonic structures/tissues. Of course, there remains a possibility that Hensen's node or its derivatives may have exerted some influence on the somatic mesoderm lending it an ability to induce the differentiation of foregut organ epithelia. However, induction of cSox2 but not of cHoxb9 after 1-1.5 days of cultivation only in the presence of node tissue strongly suggests that Hensen's node or its derivatives play an important role in specifying the foregut endoderm. In gastrulating amphibian embryos, the dorsal blastoporal lip is reported to be able to specify the pharyngeal endoderm (Barlow, 2001 ). The present results agree with her findings, and further reveal that the node, an avian equivalent of the organizer, is effective not only in pharyngeal endoderm specification but also in the specification of other foregut-derived organ endoderm.
The present study also revealed that chordin or noggin secreted from Hensen's node or its derivatives is a likely candidate for the factor involved in the specification of foregut endoderm, because chordin-expressing COS cells or nogginproducing CHO cells grafted under the anteriormost area pellucida endoderm could elicit expression of cSox2 but not of cHoxb9. Loss of BMP signaling as revealed by the absence of phospho-smad1/5/8 in the endoderm covering these cells 8 h after grafting suggests that these factors may act through antagonizing BMP signaling. Thus, these findings presents direct evidence for the role of suppressing BMP signaling in the anterior specification of the endoderm suggested for other animals (see Section 1). During normal development, BMP signals are reported to be absent in the central area encircling Hensen's node in the area pellucida at primitive streak-stage (Schultheiss et al., 1997; Streit et al., 1998; Streit and Stern, 1999; Chapman et al, 2002) , which roughly matches the area of pre-foregut cells. However, actual cessation of BMP Fig. 5 -Differentiation of foregut organ epithelia from the anteriormost or posteriormost area pellucida endoderm (AA or PP endoderm) influenced by node-derived or other tissues. The endoderm was associated with Hensen's node/its derivatives or other tissues in vitro for 1 day, enwrapped with somatic mesoderm and cultivated intracoelomically for 14-15 days. (A-C) Intestine-like simple columnar epithelium (A) with sucrase-antigen (arrows in B, a neighboring section to A) developed from quail AA endoderm in the presence of its own ectoderm as the intact AA fragment. QCPN-immunostaining (C, a section near to A/B) reveals that intestine-like epithelium originates from quail AA endoderm. (D-F) Intestine-like simple columnar epithelium (D) with sucrase-antigen (arrows in E, a section near to D) differentiated from quail AA endoderm associated with the posteriormost part of the primitive streak of a st. 3d-4 chick embryo. QCPN-immunostaining (F, a section neighboring to E) shows quail AA endoderm as the origin of intestine-like epithelium. (G--J) Pharynx/oesophagus-like (ph/oe) stratified epithelium (G) and stomach-like (st) epithelium (G) with pepsinogen-antigen (arrowheads in I, a neighboring section to G) differentiated from quail AA endoderm influenced by st. 3d-4 chick Hensen's node. Intestine-like (in) epithelium (G) with sucrase-antigen (arrows in H, the same section as I) also appeared. QCPN-immunostaining (J, a section near to G-I) shows pharynx/oesophagus-like epithelium (ph/oe) with stratification of quail cells and other epithelia made of quail cells, demonstrating AA endodermal origin of these epithelia. (K and L) Pancreatic acinus-like structure (encircled with dotted lines) with insulin-positive cells (arrow in K) differentiated from chick AA endoderm associated with st. 4 quail Hensen's node. QCPN-immunostaining (L, a neighboring section to K) shows chick AA endoderm as the origin of acinus-like cells. Some quail mesodermal cells derived from the associated quail node can be seen (arrowheads). (M-O) Pharynx/oesophaguslike (ph/oe) epithelium (M), stomach-like (st) epithelium (M) with pepsinogen-antigen (arrowheads in O, a neighboring section to M), and intestine-like (in) epithelium (M) with sucrase-antigen (arrows in N, the same section as O) differentiated from quail AA endoderm associated with st. 7-8 chick notochord including some paraxial mesoderm and overlying ectoderm. (P-R) Pancreatic acinus-like structure (encircled with dotted lines) with insulin-positive cells (arrows in Q, a section near to P) and intestine-like epithelium (in) differentiated from quail AA endoderm associated with st. 7-8 chick Hensen's node. QCPN-immunostaining (R, a neighboring section to Q) shows quail AA endoderm as the origin of acinus-like cells and intestine-like epithelium. (S-V) Stomach-like (st) epithelium (S) with pepsinogen-antigen (arrowheads in U, a section near to S), and intestine-like (in) epithelium (S) with sucrase-antigen (arrows in T, the same section as U) differentiated from quail PP endoderm associated with st. 3d-4 chick Hensen's node. QCPN-immunostaining (V, a neighboring section to T/U) shows quail PP endoderm as the origin of these epithelia. Some intestine-like cells originate from the associated chick node tissue (arrowheads). In photographs of immunofluorescence, the autofluorescence of red blood cells or lymphoid cells with nonspecific binding of secondary antibody is also seen. Bar, 50 lm. The same magnification for (A)-(V).
signaling as detected by the absence of phospho-Smad1/5/8 in the middle area surrounding Hensen's node and head process is apparent from st. 5 (Faure et al., 2002) . Thus, the foregut endoderm specification may occur at or after st. 5, which is accordant with the finding that the degree of the specification of st. 3d-4 endoderm as foregut is negligible. Prechordal mesoderm or notochord, the derivatives of Hensen's node, as well as the node itself of st. 5-8 embryos were reported to express chordin/noggin ( A and B) or noggin-producing CHO cells (asterisks in E and F) transplanted in the anterior area pellucida of a chick embryo induced endodermal expression of cSox2 (arrows in A and E) but not of cHoxb9 (arrows in B and F) after 25 h (COS cells) or 30 h (CHO ells) cultivation, while control mock-tranfected COS cells (triangles in C and D) or parental CHO cells (triangles in G and H) never induced cSox2 expression. Neural tissue (nt) and foregut endoderm (fg) of the host embryo, and ectoderm covering chordin-or noggin-cells in some cases (E), also expressed cSox2, and some lateral plate mesodermal cells including those adjacent to transplants expressed cHoxb9. In situ hybridization for cSox2 and cHoxb9 was carried out on neighboring or nearby sections. Bar, 100 lm. The same magnification for (A)-(H).
found to be effective in inducing foregut specification. Since pre-hindgut/midgut cells also would receive anti-BMP signals during their immigration into endodermal layer through Hensen's node, which occurs earlier than that of pre-foregut cells (Kimura et al., 2006) , the duration or the context of the exposure to these signals may be important in the anteriorization of the endoderm. In contrast to this role of anti-BMP signals in foregut endoderm specification, BMP signaling does operate at slightly later stages in the ventral endoderm of developing foregut (Faure et al., 2002) . Thus, elaborate and complicated spatiotemporal regulation of BMP signaling may be essential for the development of the anterior gut endoderm, and this later BMP signaling may play a role in specifying the ventral foregut endoderm. It is also possible that the initial suppression of BMP signaling in the endoderm around Hensen's node and its derivatives may specify only the dorsal foregut endoderm.
FGF and Wnt signaling is reported to be closely implicated in the initial posteriorization of the endoderm (Wells and Melton, 2000; Dessimoz et al., 2006; McLin et al., 2007) . Thus, cooperation of BMP, FGF and Wnt signaling systems may be critical for correct anteroposterior patterning of the early endoderm. Since suppression of BMP, FGF and Wnt signals has been shown to be implicated also in the development of the anteriormost neural tissue/head or anterior mesoderm (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995; Glinka et Sedohara et al., 2002; del Barco Barrantes et al., 2003; Lane et al., 2004; Niehrs, 2004; Yamamoto et al., 2005) , it is possible that suppression of these signals may work similarly in all three germ layers and bring about the formation of anterior body part including head or foregut.
Though each part of st. 3d-4 area pellucida endoderm was found to be able to differentiate into foregut endoderm when cultured under the influence of Hensen's node or its derivatives, there was a regional difference in the reactivity to these tissues, with the posteriormost part being the least responsive. BMP signals are reported to be high in the posterior region of st. 3d-4 chick embryos (Schultheiss et al., 1997; Streit et al., 1998; Streit and Stern, 1999; Chapman et al, 2002; Faure et al., 2002) , which may be related to the lower responsiveness of the posteriormost part of the endoderm. FGF and Wnt signals emanating from posterior tissues are likely to induce the nearby endoderm to adopt posterior gut fate (Dessimoz et al., 2006; McLin et al., 2007) , and thus the posteriormost area pellucida endoderm may be in the process of posteriorization, which may render it less responsive to the effect of node and its derivatives.
The present study has revealed for the first time that Hensen's node and its derivatives are likely to elicit initial specification of foregut endoderm in the early avian embryo, and that factors involved may be BMP antagonist chordin and noggin. However, it remains to be made clear how antagonizing BMP signaling exerts its anteriorizing effect. The interrelationship among BMP, FGF and Wnt signaling systems involved in the regionalization of the endoderm is also not known. It also should be determined whether other signals including retinoic acid are involved in this early regionalization of the endoderm. Further extensive studies on these problems are needed for a full understanding of the initial antero-posterior patterning of the avian endoderm.
4.
Experimental procedures
Embryos
Fertilized eggs of White Leghorn chicken and Japanese quail were incubated at 37.5 o C for appropriate time periods.
Fate mapping and in vitro cultivation of the embryo
Dye-marking was done on chicken embryos of st. 3d-4 (Hamburger and Hamilton, 1951; Schoenwolf et al., 1992) explanted from the yolk as described previously (Matsushita, 1996) . Subsequent cultivation on albumen was carried out in vitro (New, 1955) . For marking the endoderm, CM-DiI, and in some cases DiI or DiO (Molecular Probes Inc., USA) were used (Matsushita, 1995b (Matsushita, , 1996 (Matsushita, , 1999 . Various sites in the area pellucida (Fig. 1) were marked by applying a small volume of a 1:9 mixture of dye solution (5 mg/ml in ethanol) and 0.3 M sucrose in distilled water, which was ejected through a tip (diameter, about 5 lm) of a glass microcapillary. An epi-fluorescent microscopic observation soon after marking revealed that dye-marked spots with almost circular shape were smaller than 100 lm in diameter in most cases (76%), with even the largest one not exceeding 200 lm. Mesodermal cells in addition to the endoderm were often labeled, which were not analyzed in detail. Only the right half of the area pellucida endoderm was studied, because the morphology of the embryo at this stage and subsequent morphogenetic movement during one day's cultivation are bilaterally symmetrical. After cultivation for about 1 day in vitro, when the embryos developed 9-14 pairs of somite, they were fixed in 10% formalin. Only those with normal morphology including circular expansion of area vasculosa were analyzed. They were examined under an epi-fluorescent microscope as whole-mount. Embryos after CM-DiI marking were further processed for paraffin-sectioning, and the whole-mount observation was confirmed. The distribution of the labeled endodermal cells in cultured embryos was compared to the fate map of the endoderm at 9-14 somite-stage constructed by the authors themselves (Matsushita, 1996 (Matsushita, , 1999 , and the fate of the marked sites in st. 3d-4 endoderm was determined.
To confirm the presence of presumptive ventral foregut cells in the endodermal layer of st. 3d-4 embryos, only the superficial endoderm cells were marked by two methods. One way was to place a CM-DiI-coated plastic bead (Amberlite, 200-400 lm in diameter; Rohm and Haas Company, USA) on the endoderm for 30 s to a few minutes, which resulted in marking of a small group of polygonal endodermal cells packed with each other (Fig. 2) . Marked embryos after cultivation for about 1 day was fixed with 10% formalin and analyzed as described in the preceding paragraph. The other way was the iontophoretic intracellular injection of tetramethylrhodamine-dextran-amine (MW 10,000; Molecular Probes Inc., USA) with use of standard equipments for electrophysiology. Glass microelectrodes were backfilled with the dye solution (50 mg/ml in distilled water) and then with 1.2 M LiCl. The electrode resistance was 100-500 MX. These electrodes were connected to the probe of a preamplifier for intracellular recording (World Precision Instruments, Inc., model M707A, USA). Although we could not record the clear intracellular potential of the thin endodermal cell, we could easily recognize the time at which the electrode tip was gently pressed to the surface of the endodermal cell by the rise of electric potential recorded through the electrode as it was gradually propelled toward the surface of the endoderm. After confirming the rise of the electric potential, the electrode tip was briefly oscillated electromechanically using capacity compensation. The fluorescent dye was injected with hyperpolarizing current pulses (9-18 nA, 0.5 s duration, 1 Hz) for 60-90 s. With this method, we could consistently mark single endodermal cells, or in some cases two or three endodermal cells, which was probably due to a slight horizontal shift of the endoderm during injection. In both cases, an epithelial cell-like polygonal cell or a group of such cells arranged like flagstones as reported by Wakely and England (1978) was confirmed (Fig. 2) by epifluorescent microscopic observation soon after marking. Marked embryos were cultivated to 5-6 somitestage, fixed with 10% formalin, and analyzed in whole mount and in paraffin-sections. After observation and recording of weak fluorescence of the label by a cooled CCD camera (KEYENCE model VB7000, Japan), the presence of the dye was confirmed also by the immunohistochemical method (data, not shown) with use of anti-tetramethylrhodamine antibody (Molecular Probes, Inc., USA) and HRP-conjugated goat anti-rabbit IgG (Medical and Biological Laboratories Co., Ltd., Japan).
Embryo manipulation and tissue isolation/ grafting technique
For the analysis on the differentiation potency of the endoderm of st. 3d-4 embryos, the blastoderm of chicken or quail embryos was placed under a dissecting microscope as described in the preceding section, soaked in Ca/Mg-free phosphate buffered saline (PBS), and endodermal fragments at various anteroposterior levels of the area pellucida were isolated mechanically from the underlying ectomesoderm using fine tungsten needles. They were anterior and posterior halves of the endoderm anterior to Hensen's node, and anterior, middle and posterior one thirds of the endoderm posterior to Hensen's node (Fig. 3A) . Endoderm lying at and near Hensen's node and anterior two thirds of the primitive streak was not included, because it was hard to isolate the endoderm from the underlying tissues. In most cases, only the endoderm taken from the right side was used for cultivation, but endodermal fragments including both sides were also used for those at the anteriormost and posteriormost levels. They were then enwrapped with a few pieces of somatic mesoderm of the flank region taken from 3-to 3.5-day-old chick embryos, and cultured on an agar medium for approximately half a day, transplanted into the coelomic cavity of 3-to 3.5-day chick embryos, and cultivated for further 14-15 days (Matsushita et al., 2002) . Previous study (Matsushita et al., 2002) showed that the pre-gut endoderm of 1.5-day chick embryos cultured in this way could differentiate well according to its own presumptive fate.
The effect of Hensen's node or other embryonic structures/tissues upon the anteriorization of the endoderm was analyzed as follows. Endodermal fragments were isolated from st. 3d-4 embryos as described in the preceding paragraph (Fig. 4A) . The embryonic structure/tissue to be tested was taken from various parts of the embryo (Fig. 4A ) at st. 3d-4 or older up to early somite-stage (st. 7-8; Hamburger and Hamilton, 1951) . The endoderm (or cell layers containing endoderm and part of mesodermal cells as well in case of the fragment of Hensen's node) was removed from these structures/tissues mechanically with use of tungsten needles. Then, the structure/tissue to be tested was associated with the endoderm, and cultivated on an agar medium containing albumen (Sundin and Eichele, 1992 ) for 24-36 h for the detection of mRNA. Use of chick and quail tissues enabled us to identify the origin of the tissue of concern. For the analysis of the differentiation of the endoderm, the associates after 24 h cultivation were enwrapped with somatic mesoderm, and cultured intracoelomically for 14-15 days as described in the preceding paragraph (Matsushita et al., 2002) .
For grafting of transfected COS cells or noggin-producing CHO cells, pellets of these cells or control mock-transfected COS cells/ parental CHO cells were transplanted into the anteriormost part of the area pellucida of the explanted host chick embryo between the endoderm and underlying ectoderm. In most cases, individual embryos received both types of cell pellets, with chordin-or noggin-producing cells on one side of the embryo and control cells on the other side. Embryos were cultured in vitro for 8 h for detection of phospho-Smad1/5/8, or 24-36 h for detection of cSox2/cHoxb9 expression.
4.4.
COS cell transfection and noggin-producing CHO cells COS-7 cells were grown in DMEM containing 10% calf serum. Transfection with chordin (a kind gift from Prof. C.D. Stern; Streit et al., 1998) was performed using Lipofectamine Plus reagent (Invitrogen, USA). 24 h after transfection, cell pellets were generated by setting up hanging drop cultures (Streit et al., 1998) . Cell pellets were transplanted into embryos 48 h after transfection. Noggin-producing CHO cells and parental CHO cells (CHO B3.A4 made by Dr. De Jesus and CHO dhfr-, respectively) (kind gifts from Prof. R.M. Harland; Lamb et al., 1993) were grown in alfa-MEM with nutrients according to the instruction of Prof. Harland's Lab. After trypsinization, suspended CHO cells were washed and collected by centrifugation. The large aggregate obtained after centrifugation was cut into small pellets, which were cultured in separate hanging drops overnight before transplantation.
Histology and immunohistochemistry
Grafts cultured intracoelomically were fixed in ice-cold 95% ethanol for 4 h and embedded in paraffin (Sainte-Marie, 1962 ). Sections (6 lm) were serially mounted onto slides, and histological staining with alcian blue-hematoxylin and immunohistochemistry were performed. Immunofluorescent detection of intestinal sucrase-antigen (Matsushita, 1984 (Matsushita, , 1985 and proventricular pepsinogen (Takiguchi et al., 1986; Yasugi et al., 1987) simultaneously, and that of insulin-positive cells specific to pancreatic islets (Rawdon and Andrew, 1981) , were reported (Matsushita et al., 2002) . Quail cells were detected (Matsushita et al., 2002) using the QCPN antibody obtained from the Developmental Studies Hybridoma Bank (The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242) and peroxidase-conjugated goat anti-mouse IgG (Jackson Immuno Research Laboratories, Inc., USA). In some cases, QCPN immunostaining was performed on sections after observation of insulin immunofluorescence, which had been washed with 6 M guanidine hydrochloride to remove antibodies that bound to insulin molecules.
Fixation of the embryos and techniques for whole-mount immunohistochemistry for detection of phosphorylated Smad1/ 5/8 were almost the same as reported by Faure et al. (2002) . The rabbit anti-phospho-Smad1/5/8 was purchased from CHEM-ICON International, Inc. (USA). According to the manufacturer, the immunogen is the KLH-conjugated synthetic phospho-peptide corresponding to residues surrounding Ser463/465 (phosphorylated) of human Smad5, C-terminal 88 amino acids containing Ser463/465 (amino acid 378-465) of which are identical to those of the corresponding part of the chicken Smad5. The secondary antibody was HRP-conjugated goat anti-rabbit IgG (Medical and Biological Laboratories Co., Ltd., Japan). The staining pattern of st. 4-10 chick embryos was the same as reported by Faure et al. (2002) (data not shown), suggesting that our method could detect the Smad1/5/8 phosphorylation, and hence the presence/absence of BMP signaling.
4.6.
In situ hybridization
Digoxygenin-labeled RNA probes were prepared using cSox2 (1.4 kb fragment containing the full length coding region; Ishii et al. 1998) , cHoxb9 (Yokouchi et al., 1995; Sakiyama et al., 2000 Sakiyama et al., , 2001 and chordin (a kind gift from Prof. C.D. Stern; Streit et al., 1998) .
Samples were fixed in 4% paraformaldehyde in PBS at 4 o C overnight, with or without storage in the same solution for upto one week. For cryo-sectioning, samples were washed in 30% sucrose, embedded in OCT compound (Miles Inc., USA) and frozen. In situ hybridization on cryo-sections (12 lm) and in wholemount preparations was carried out as reported previously (Ishii et al., 1997 (Ishii et al., , 1998 . After whole-mount staining, embryos were refixed in 10% formalin, embedded in paraffin, and sections of 12-15 lm were cut.
